Introduction {#sec1}
============

Resolving the targets of axonal projections is fundamental to understanding neuronal function and pathology. Toward this end, the Human Connectome Project was launched in 2009^[@ref1]^ with the mission to construct a complete map of the network of neural connections.^[@ref2],[@ref3]^ To visualize and map the anatomical connections in the brain, neuronal tracers^[@ref4]^ are injected into a brain region, where they are locally taken up by neurons and transported either in a retrograde fashion (from axon to soma) or in the anterograde direction (from soma to axon). Options for tracers include small molecule dyes,^[@ref5]^ viruses,^[@ref6]^ or synthetic nanoparticles.^[@ref7]^ Among these options, nonviral tracers are promising, as they have tunable parameters that bypass the inherent pitfalls of viral tracers, as well as high stability and biosafety.^[@ref8]^ In this class of synthetic, nonviral neuronal tracers, fluorescent latex microspheres have distinct advantages over other neuronal tracers, including exclusive retrograde transportation, low toxicity, high stability, and minimal diffusion from the injection site.^[@ref9]^ Capitalizing on the inherent tunability of such latex-based materials through alteration of chemical composition will broaden the current limited scope of commercially available nonviral neuronal tracer formulations.

Emulsion polymerization is a common and scalable method for synthesizing latex particles.^[@ref10]^ Emulsion polymerization is characterized by fast polymerization kinetics and the ability to achieve high molecular weights and hence is widely used for industrial scale production of a variety of materials including paints,^[@ref11]^ adhesives,^[@ref12]^ delivery vehicles,^[@ref13]^ and resins.^[@ref14]^ Despite this obvious synthetic versatility and the demonstrated utility of latex particles in identifying a neuron's axonal targets, neuroscience remains limited to only two wavelengths of synthetic latex particles as retrograde neuronal tracer.^[@ref7],[@ref15]^ Since a single axon can project to numerous regions, two wavelengths are insufficient to characterize neural anatomy. Additionally, spectral overlap with other fluorescent tools may preclude using one or both of the available colors. This limitation renders some otherwise simple experiments impossible. To address this, we reasoned that retrograde neuronal tracer latex nanoparticles bearing a variety of fluorophores would be easily accessible and scalable. With a color palette of such materials in hand, we endeavored to examine their retrograde transport ability *in vivo*. Herein, we demonstrate this concept by incorporating four different fluorophores within latex neuronal tracers through emulsion polymerization of vinyl modified dyes together with a mixture of methacrylate monomers and a cross-linker.

Results {#sec2}
=======

Synthesis and Characterization {#sec2.1}
------------------------------

Four fluorescent dyes were selected and prepared as either acrylamide or methacrylate monomers with colors covering a range of the spectrum ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), distinguishable from each other without crosstalk ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Specifically, we chose coumarin acrylamide (λ~ex~ = 342 nm, λ~em~ = 430 nm), methacryloyloxy *O*-fluorescein (λ~ex~ = 490 nm, λ~em~ = 520 nm), and methacryloxyethyl thiocarbamoyl rhodamine B (λ~ex~ = 548 nm, λ~em~ = 570 nm) with emission wavelengths commonly employed in *ex vivo* biological studies ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). We prepared novel monomers methacryloyloxy cyanine 5.5 (Cy5.5) (λ~ex~ = 680 nm, λ~em~ = 700 nm) based on near-infrared dyes. Briefly, carboxyl-Cy5.5^[@ref16]^ was modified with 2-aminoethyl methacrylate hydrochloride (AEMA) to incorporate a methacrylate group for subsequent incorporation into polymeric nanoparticles ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). All dye-labeled monomers were purified and characterized by high-performance liquid chromatography (HPLC), ^1^H NMR, and mass spectrometry (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf) for experimental details and characterization).

![Dye-labeled polymeric nanoparticle neuronal tracers (NNTs). (a) Chemical structures of the four fluorescent dye monomers. (b) Spectrum overview of the four dye monomers and their excitation and emission maxima. (c) Dry-state, uranyl acetate stained transmission electron microscopy (TEM) images, white scale bars = 500 nm. (d) Cryogenic electron microscopy (cryo-EM) images, black scale bars = 100 nm. Black arrows indicate NNTs, and white arrows indicate ice.](oc0c00027_0001){#fig1}

2-Hydroxyethyl methacrylate (HEMA), methyl methacrylate (MMA), methacrylic acid (MAA), and the cross-linker, ethylene glycol dimethacrylate (EGD), were used in emulsion polymerizations together with the dye monomers to generate all four, individually dye-labeled, polymeric nanoparticle neuronal tracers (NNTs: **Coumarin-NNT**, **Fluorescein-NNT**, **Rhodamine-NNT**, **Cy5.5-NNT**). NNT preparation involved the addition of HEMA, MMA, MAA, and EGD sequentially into water under argon, followed by the addition of the free radical initiator and surfactant. Each dye was then added at different ratios depending on quantum yield of the fluorophore, and the reaction vessel was heated to 90 °C for 1 h. Resulting NNTs were purified via dialysis into Milli-Q water and further incubated with a mixed-bed ion-exchange resin overnight to remove excess surfactant prior to *in vitro* and *in vivo* use. Synthetic conditions and monomer compositions arrived through empirical optimization for the generation of stable, spherical polymeric nanoparticles with dimensions similar to commercial latex neuronal tracer particles.^[@ref7],[@ref9],[@ref15],[@ref17]^

In addition, we characterized the commercial latex neuronal tracers Lumafluor Green and Red ([Table S1 and Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). The in-house measurements of excitation and emission maxima are on par with those reported by the commercial source. The solvated diameter of Lumafluor Green and Red as measured by dynamic light scattering (DLS) was determined to be 115 and 125 nm, respectively. Dry-state transmission electron microscopy (TEM) with uranyl acetate staining showed a diameter range from 35 to 80 nm for both particles. The surfaces of both Lumafluor Green and Red were negatively charged, as measured by ζ potential analysis, with values of −9.8 and −43.7 mV, respectively. Nanoparticle concentrations were in the range of 10^12^ particles per milliliter, as determined by nanoparticle tracking analysis (NTA).

All dye-labeled NNTs were in the diameter range 37--95 nm ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)), as characterized by uranyl acetate stained dry-state TEM and cryogenic electron microscopy (cryo-EM) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d). By DLS, NNTs exhibited hydrodynamic diameters (*D*~h~'s) from 100 to 106 nm ([Table S2 and Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). These discrepancies may be explained by sample preparation of the particles for TEM, coupled with the inherent nature of the DLS measurement showing diameters of swollen particles with some dispersity. These trends hold for the commercial Lumafluor tracers also ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)).

Furthermore, ζ potential analysis was employed to characterize the bulk NNT solutions. All NNTs had approximately the same negative ζ potential ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)), except for **Cy5.5-NNT**, which had a slightly more negatively charged surface than the other NNTs, as Cy5.5 monomer carries two sulfate groups. To discern the concentrations of NNTs, we employed NTA and determined that all NNTs except **Rhodamine-NNT** had concentrations between 2.1 and 3.2 × 10^11^ particles per milliliter.

The dye content of each NNT was determined to be 60.0, 617, 460.5, and 123.6 μM for **Coumarin-NNT**, **Fluorescein-NNT**, **Rhodamine-NNT**, and **Cy5.5-NNT**, respectively, using ultraviolet--visible spectroscopy (UV--vis). Dye concentration per particle was then calculated, using the particle concentrations as determined by NTA, to be 1.88 × 10^--13^, 2.92 × 10^--12^, 2.00 × 10^--13^, and 4.94 × 10^--13^ μmol/particle for **Coumarin-NNT**, **Fluorescein-NNT**, **Rhodamine-NNT**, and **Cy5.5-NNT**, respectively.

To elucidate the optical properties of NNTs, we further acquired excitation and emission spectra of NNTs by UV--vis and fluorescence spectroscopy ([Figures S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)), whose maxima are summarized in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf). All UV--vis and fluorescence spectra of each NNT were measured at the same particle concentration as determined by NTA. The different fluorescence intensities of each NNT reflect the difference in extinction coefficient between each dye used in the NNT syntheses. As the commercial fluorescent tracers have two colors available (Lumafluor Green λ~ex~ = 460 nm, λ~em~ = 505 nm and Lumafluor Red λ~ex~ = 530 nm, λ~em~ = 590 nm), UV--vis and fluorescence spectra of Lumafluor Green and Lumafluor Red can be directly compared to **Fluorescein-NNT** and **Rhodamine-NNT**, respectively. Indeed, the UV--vis absorptions of Lumafluor Green and **Fluorescein-NNT** share the same pattern and similar maximum of absorptions ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). Similar results were observed in the case of Lumafluor Red and **Rhodamine-NNT**. According to the UV--vis absorption of dye label free NNT, the absorbance peak at 350 nm on the UV--vis spectroscopy was attributed to the inherent structure of NNTs ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). Moreover, the fluorescent intensities between Lumafluor Green and **Fluorescein-NNT**, and Lumafluor Red and **Rhodamine-NNT**, were in the same order of magnitude, suggesting that the optical behavior of NNTs *in vitro* or *in vivo* would be comparable with those commercial tracers ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)).

Cytotoxicity and Cellular Uptake {#sec2.2}
--------------------------------

Prior to *in vivo* experiments, we first sought to investigate the cytotoxicity of all four dye-labeled NNTs. Toward this end, the viability of human embryonic kidney 293 (HEK 293) cells was evaluated following 48 h of incubation with nanoparticles, as this cell line expresses several neuron-specific genes and is considered a standard proxy for early stage analysis of materials.^[@ref18]^ The nanoparticle concentrations of all NNTs and the commercial fluorescent tracers (Lumafluor Green and Red) were determined by NTA, and particles were evaluated for cytotoxicity at a range of concentrations between 3.0 × 10^9^ and 4.8 × 10^10^ particles per milliliter. **Coumarin-NNT** and **Fluorescein-NNT** were all nontoxic at concentrations up to 2.4 × 10^10^ particles per milliliter (toxicity defined as cell viability \<80%). **Rhodamine-NNT** and **Cy5.5-NNT** were nontoxic up to 1.2 × 10^10^ particles per milliliter. Interestingly, the commercial fluorescent tracer Lumafluor Red was toxic at all tested concentrations, while Lumafluor Green showed no toxicity at any concentration tested, and the NNTs all exhibited dose-dependent toxicity ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)).

In addition, the cellular uptakes of all NNTs and both commercial fluorescent tracers were assessed. Cells were incubated with nanoparticles for 20 min, washed with Dulbecco's phosphate-buffered saline (DPBS), and then incubated in media for 1 h ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)) or 24 h ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)) prior to fixation and confocal imaging. The mean fluorescence intensity (MFI) of all materials increased as a function of time, and at 24 h, the MFI of the **Rhodamine-NNT** and the **Fluorescein-NNT** was significantly greater than that of the Lumafluor Red and Lumafluor Green, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Representative confocal microscopy images are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--d. The unpaired *t* test shows that there is no significant difference in uptake between each NNT from one another ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)).

![Cellular uptake of NNTs in HEK 293 cells at 1 and 24 h as quantified from confocal laser scanning microscopy images and representative images. (a) Mean fluorescence intensities of commercial fluorescent tracers and all 4 NNTs at 1 and 24 h were quantified from confocal images. Data is presented as mean ± SD (*n* = 3). Confocal images show the cells with 24 h treatment with DMEM media only (b), Lumafluor Red (c), and **Rhodamine-NNT** (d) (see [Figures S10 and S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf) for other NNTs). Scale bars = 20 μm. Inset scale bars = 5 μm. In parts b--d, nuclei were stained with DAPI; cell membranes were stained with Wheat Germ Agglutinin, Alexa Fluor 488 Conjugate. HEK 293 cells were cultured for 24 h, incubated with DMEM media or Lumafluor Red or NNTs for 20 min, washed three times with Dulbecco's phosphate-buffered saline (DPBS), and maintained in fresh media. Significance was determined by an unpaired *t* test (\**p* \< 0.05, \*\**p* \< 0.01, ns = not significant). At 24 h, all NNTs were not statistically significantly different from one another. For this test, see the SI, [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf).](oc0c00027_0002){#fig2}

The uptake mechanism and clearance pathways were then explored by evaluating colocalization of nanoparticles with lysosome and autophagosome ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figures S13--S22](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)) markers (LysoTracker and microtubule-associated proteins 1A/1B light chain 3B (LC3) antibody, respectively) at 1, 4, 24, and 48 h following a 20 min incubation of nanoparticles with cells. Representative confocal microscopy images are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c,e--g. All NNTs colocalize with the lysosome marker ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), suggesting endocytosis as an entrance mechanism. Interestingly, **Coumarin-NNT** exhibits greater colocalization with autophagosomes compared to other NNTs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h), suggesting that the **Coumarin-NNT**s are being trafficked faster intracellularly. In addition, the neuronal uptake of **Fluorescein-NNT** was confirmed using confocal microscopy following incubation with primary rat neurons *in vitro*, observed in a time-dependent manner ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). In these experiments the neurons were treated with particles, washed, and then observed over 136 min, with imaging every 4 min (for full time-lapse series, see [Figures S23--S25](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)).

![Colocalization of NNTs with lysosome (a--d) and autophagosome (e--h) in HEK 293 cells. Representative confocal laser scanning microscopy images after 48 h of cells incubated with media only (a, e), Lumafluor Red (b, f), or **Rhodamine-NNT** (c, g) (see [Figures S13--S16 and S18--S21](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf) for other NNTs). Scale bars = 10 μm. Percent colocalization with the lysosomes (d) and autophagosomes (h) was quantified from confocal images. Data is presented as mean ± SD (*n* = 3). Nuclei of HEK 293 cells were stained with DAPI (blue). In parts a--c, lysosomes were stained with LysoTracker Green DND-26 (green). In parts e--g, autophagosomes were immunostained with LC3 antibody with Antirabbit IgG (H+L), F(ab′)2 Fragment conjugated with Alexa Fluor(R) 488. Colocalization is depicted in orange (red and green merge).](oc0c00027_0003){#fig3}

![Zoomed confocal microscopy images of lysosomes colocalization of **Fluorescein-NNT** at 30 and 70 min after the treatment in primary rat cortex neurons. The nuclei of primary rat cortex neurons were stained by Hoechst. Lysosomes were stained by LysoTracker Red DND-99. Colocalization is shown in orange (red and green). Primary rat cortex neurons were cultured for 30 days and then incubated with **Fluorescein-NNT** for 20 min.](oc0c00027_0004){#fig4}

**Fluorescein-NNT** for Tracing: Entorhinal Cortex (EC) to CA1 Pathway {#sec2.3}
----------------------------------------------------------------------

The major cortical input to the hippocampus is from the projection of entorhinal cortex (EC).^[@ref19]^ The temporoammonic path to CA1 (pp-CA1) synapse refers to the EC neurons directly connecting to the CA1 area.^[@ref20]^ Therefore, the EC to CA1 pathway was chosen for an *in vivo* proof-of-concept study for testing NNTs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). If NNTs transport in a retrograde fashion, we expected to observe them at the EC region after injection at CA1 in the hippocampus. **Fluorescein-NNT** was injected into CA1 in the hippocampus of C57BL/6J mice ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). After 2 days, the brain was fixed to investigate the labeling pattern. Fluorescence images of the sagittal sections of the brain confirm fluorescein fluorescence at the CA1 injection site ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) and in the neurons or neuropil proximal to the injection site ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). Further, we imaged two areas distant from CA1 to look for retrograde transport of **Fluorescein-NNT**. As a control, the somatosensory cortex was first imaged, a region known to lack strong projections to CA1. Indeed, we observed a lack of **Fluorescein-NNT** labeling in this region ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). However, in the EC, strong fluorescence was observed, indicating retrograde transport of **Fluorescein-NNT** along the EC to CA1 pathway, confirming the ability of **Fluorescein-NNT** to traverse along a known anatomical pathway ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e--g and [Figure S26](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)).

![Retrograde transport of **Fluorescein-NNT***in vivo*. (a) Schematic shows particles injected into the Cornu Ammonis (CA1) region in the hippocampus traveling down axons to cell bodies located in the entorhinal cortex (EC). (b) Sagittal section of the mouse CA1 region after injection. Green indicates **Fluorescein-NNT** while blue indicates DAPI stained nuclei. (c) Fluorescence image of the area proximal to the injection site. Arrow points to cluster of **Fluorescein-NNT**. (d) No unequivocal labeling in the somatosensory cortex. (e) Representative mouse brain sections show EC seen under fluorescence microscopy. (f) Zoom of part e. (g) EC labeled by **Fluorescein-NNT**. Arrow points to cluster of **Fluorescein-NNT** proximal to a cell nucleus.](oc0c00027_0005){#fig5}

NNTs for Tracing: Lateral Geniculate Nucleus (LGN) to Primary Visual Cortex (V1) Pathway {#sec2.4}
----------------------------------------------------------------------------------------

The dorsolateral geniculate nucleus (LGN)^[@ref21]^ projects to the primary visual cortex (V1). The hypothesis is that if NNTs are transported in a retrograde fashion, fluorescence from NNTs will be observed at LGN after V1 injection. Each color of the NNTs was directly injected into the mouse V1 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Saline injection was used as a negative control. 48 h after injection the mouse brains were perfused, dissected, and sliced in the coronal plane. The results were analyzed by *ex vivo* fluorescence microscopy confirming ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) that NNTs were injected into the V1 region ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). In addition, the cells or neuropil proximal to the injection site was labeled by NNTs, indicating an active uptake process, rather than passive diffusion through the disruption of cell membranes by the injection needle ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, left two columns). Further, irrespective of the type of NNT, the particles underwent retrograde transport to the LGN area ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, third column). Labeling of the contralateral LGN area was not observed ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, fourth column), consistent with weaker projections of LGN to contralateral V1. Importantly, no crosstalk between the channels for NNTs was observed ([Figures S27--S29](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). For the saline control, we observed no fluorescence labeling in any part of the brain ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, top row). These results confirm the multicolor NNTs' transport in a retrograde fashion.

![Retrograde transport of multicolor NNTs at 48 h postinjection. (a) Schematic shows particles injected into the visual cortex (V1) travel millimeters down axons to cell bodies located in the primary thalamic nuclei for vision---the lateral geniculate nucleus (LGN). (b) First column: coronal section of mouse visual cortex after NNT injection. Second column: labeling of the ipsilateral cortical nuclei adjacent to the injection site. Third column: thalamic labeling by NNTs after injection into mouse visual cortex. Fourth column: no unequivocal labeling of contralateral thalamic area. Each row corresponds to a different fluorescent label on NNTs.](oc0c00027_0006){#fig6}

Discussion {#sec3}
==========

Four novel dye-labeled NNTs were developed, which expand the current color palette of fluorescent neuronal tracers while remaining functionally similar to each other. The physical and chemical properties of these NNTs were evaluated by electron microscopy and additional analytical methods ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Since the commercial fluorescent tracers (Lumafluor Green and Red) have fluorescence spectra similar to **Fluorescein-NNT** and **Rhodamine-NNT**, each set of novel NNT and commercial analogue were directly compared. Fluorescence intensity is a crucial property in subsequent biological studies; thus, the polymerization conditions of each NNT were optimized and matched to one another.

With a lack of data available in the literature, a detailed cytotoxicity and cellular uptake study of the commercial fluorescent tracers, Lumafluor Green and Red, was conducted. The initial studies focused on revealing those properties and comparing them with the novel NNTs. Cell viability was assessed, as a guideline for further *in vivo* analyses. The tested concentration range was chosen based on the hypothetical dilution of the nanoparticles by the brain extracellular matrix following intracranial injection. Due to the inaccessibility and required quantity of primary neurons, HEK 293 was employed as the model cell line for *in vitro* evaluation, as it originates from the same precursor cell line as neurons.^[@ref22]^

Time-dependent uptake ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) shows that NNTs have higher mean fluorescence intensity (MFI) compared to Lumafluor Red and Green. As the fluorescent intensity per particle is matched between samples, this suggests that NNTs more efficiently enter cells than their commercial counterparts. Furthermore, at both time points assessed, the difference in uptake between each NNT was not significantly different from one another, suggesting that these materials are being taken by cells in a similar manner ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). To elucidate the downstream cellular processing mechanisms, the colocalization with the lysosome, starting at 1 h post-treatment, was monitored as a function of time. All NNTs and commercial tracers remain at least 40% colocalized with the lysosomes throughout the course of the study, indicating that these materials are being processed by cells in the same manner ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)).

The clearance pathway of all NNTs and both commercial fluorescent tracers was assessed by colocalization with LC3, a core protein in the autophagy pathway ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h and [Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf)). The highest colocalization of Lumafluor Red, Lumafluor Green, and **Coumarin-NNT** during the experiment period is at 48 h, while for the **Fluorescein-NNT**, **Rhodamine-NNT**, and **Cy5.5-NNT**, it is at 1 h. This indicates that the commercial fluorescent tracers are trafficked intracellularly at different rates from the NNTs. Conversely, all NNTs are taken up by cells and are generally processed in the same manner, albeit at slightly different rates. These results show that the interactions of NNTs with cells are distinct from those of the commercially available tracers. In addition, primary neurons take up NNTs, showing increasing colocalization with lysosomes in the cell body as a function of time as measured by live cell confocal microscopy.

Retrograde tracing of NNTs was validated in two neuronal pathways in mice models, EC to CA1 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and LGN to V1 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). We first tested **Fluorescein-NNT** in the hippocampus, since the primary direct projections from principal neurons in EC is to hippocampal field CA1. Fluorescein signal was observed at EC by confocal microscopy indicating that **Fluorescein-NNT** was transported in retrograde fashion. Furthermore, all four NNTs were tested in another well-studied neuronal projection system: LGN to V1, as the outputs of the LGN majorly terminate in V1. Regardless of the type of labeling utilized, the NNTs were all capable of retrograde transport *in vivo*, with all four NNTs observed in the target area. These results provide a proof-of-principle demonstration of the utility of NNTs as tools in neurobiological studies.

Conclusion {#sec4}
==========

In summary, we report a set of multicolor NNTs that expand the scope of fluorescent neuronal tracers. In total, four different colors of NNTs have been synthesized through emulsion polymerization and evaluated for their chemical properties and their retrograde transport performance *in vivo*. Each NNT has distinct excitation and emission wavelengths, which imparts the capability of using multiple NNTs in a single analysis of retrograde transport. The commonly used retrograde tracers in the field, such as Cholera toxin subunit B (CTB) and Fluoro-gold (FG), are taken from natural systems and not subsequently optimized. We envisage that the promise of NNTs as neuronal tracers lies where modification and optimization are inherently possible: for example, designing new NNTs with narrower emission and excitation profiles allowing for more colors for simultaneous neuronal tracing. Also, one could envision encapsulating molecular sensors for critical small molecules and ions. Further, by taking advantage of the intrinsic retrograde transport properties of NNTs, they may have more widespread applications as targeted drug carriers. Conjugating a contrast or therapeutic agent to the NNT scaffold and injecting into an upstream neuron projection, NNTs may transport their cargo in a retrograde fashion to specific cell types in the intended area.

Materials and Methods {#sec5}
=====================

General Method of Synthesizing Nanotracers {#sec5.1}
------------------------------------------

2-Hydroxyethyl methacrylate (HEMA), methyl methacrylate (MMA), methacrylic acid (MAA), and ethylene glycol dimethacrylate (EGD) were distilled *in vacuo*. A 50 mL portion of nanopure H~2~O and a stir bar were placed in a Schlenk flask. Monomers were added to water, under the argon in the following order while stirring at 300 rpm: HEMA (0.981 mL, 8.10 mmol), MMA (1.973 mL, 18.58 mmol), MAA (0.345 mL, 4.06 mmol), and EGD (0.233 mL, 1.24 mmol). Sodium dodecyl sulfate (55 mg, 0.19 mmol) and ammonium persulfate (6 mg, 0.026 mmol) were then added to the flask. Finally, dye monomers were added. Coumarin acrylamide (15 mg, 0.05 mmol) was dissolved in 600 μL of tetrahydrofuran (THF); methacryloxyethyl thiocarbamoyl rhodamine B (20.47 mg, 0.03 mmol) was dissolved in 500 μL of methanol. Methacryloyloxy *O*-fluorescein (40 mg, 0.10 mM) was dissolved in 500 μL of THF; methacryloyloxy cyanine 5.5 (36 mg, 0.04 mmol) was dissolved in 1 mL of a mixture of the starting solution and 1 mL of Milli-Q water. The monomers and dye mixture were stirred for 5 min at which point the flask was placed in an oil bath at 90 °C for 1 h. Over 1 h, the solution turned opaque/opalescent. At that time the solution was removed from the oil bath and allowed to rest at room temperature. Resulting NNTs were purified via dialysis into Milli-Q water and further incubated with AG 501-X8(D) mixed-bed resin (analytical grade, with indicator dye, Bio-Rad) overnight to remove excess surfactant prior to *in vitro* and *in vivo* use. AG 501-X8(D) is a mixed-bed resin irreversibly bound indicator dye that turns from blue to gold when exchange capacity is exhausted. Blue resin still can be observed after mixing with NNTs overnight suggesting that all the excess surfactants are removed.

Dynamic Light Scattering {#sec5.2}
------------------------

Particle diameters were determined via DLS using a DynaPro NanoStar instrument (Wyatt Technology). The autocorrelation functions were averaged over 10 measurements consisting of 10 s acquisitions each. Particle diameters were determined from a regularization analysis.

UV--Vis Spectroscopy {#sec5.3}
--------------------

Absorption of monomer (nanotracers) was determined via UV--vis spectroscopy on a Cary 100 instrument (Agilent Technologies) in a quartz cuvette with a path length, *d* = 1 cm. Aliquots of the stock solutions were diluted with water. Measurements of the extinction coefficient at the excitation maxima yielded concentrations using the Lambert--Beer Law (E = ελ·c·d) with known molar extinction coefficients.

Fluorometer {#sec5.4}
-----------

Fluorescent measurements were obtained using a Photon Technology International fluorescence detector, Horiba fluorolog-3 fluorometer system.

Dry-State Transmission Electron Microscopy {#sec5.5}
------------------------------------------

A 5 μL portion of sample was applied to 400 mesh carbon grids (Ted Pella, Inc., Redding, CA). Grids were glow discharged using an Emitech K350 glow discharge unit and plasma-cleaned for 90 s in an E.A. Fischione 1020 unit. A 5 μL portion of a 1% (w/v) uranyl acetate solution was applied to each grid for 20 s, and then, the grids were washed with deionized water and allowed to dry. TEM imaging was performed on an FEI Sphera microscope operated at 200 keV. Micrographs were recorded on a 2k × 2k Gatan CCD camera.

Cryogenic Transmission Electron Microscopy (Cryo-TEM) {#sec5.6}
-----------------------------------------------------

Cryo-TEM samples were prepared by freshly glow discharging 400 mesh holey carbon TEM grids (Quantifoil R2/2, 400 mesh Cu support) or lacey carbon TEM grids (Electron Microscopy Sciences, Hatfield, PA) using an Emitech K350 glow discharge unit and plasma-cleaned for 90 s in an E.A. Fischione 1020 unit. A 4 μL portion of sample was applied to each grid, gently blotted to form a thin film, and then rapidly plunged into liquid ethane. The grids were transferred to liquid nitrogen and then imaged on an FEI Tecnai G2 Sphera microscope operating at 200 keV. The samples were kept \<175 °C during imaging. Micrographs were recorded on a 2k × 2k Gatan CCD camera.

Determine Dye Concentration of Each NNT {#sec5.7}
---------------------------------------

Stock solutions of coumarin acrylamide, methacryloyloxy *O*-fluorescein, methacryloxyethyl thiocarbamoyl rhodamine B, and methacryloyloxy cyanine 5.5 were first prepared in methanol. Then, a series of concentrations of each dye monomer solution was prepared via serial dilution, and their absorbances were determined using UV--vis. A calibration curve was then plotted. To determine the dye content of each NNT, the NNT solutions were first dialyzed against methanol, and then, the absorbance was measured. The absorbance values were converted to concentrations using their respective calibration curves.

HEK 293 Cell Viability with NNTs or Lumafluor (Red or Green) Particles {#sec5.8}
----------------------------------------------------------------------

A 96-well plate was treated with poly-[l]{.smallcaps}-lysine (10 μg/cm^2^) for 1 h and rinsed with DPBS 3 times. HEK 293 cells were plated and kept in a 5% CO~2~ atmosphere at 37 °C using DMEM medium overnight. A concentration range of NNTs or Lumafluor (Red or Green) from 3.0 × 10^9^ to 4.8 × 10^10^ particles per milliliter was tested with a 48 h incubation. Cells were washed with DPBS three times, and 100 μL of DMEM medium without phenol red was added back to each well. Then, 20 μL of CellTiter-Blue reagent was added directly to each well. The plate was incubated at 37 °C for 2 h to allow cells to convert resazurin to resorufin. The fluorescence signal was measured at excitation = 560 nm, emission = 590 nm on a PerkinElmer EnSpire 2300 multiplate reader.

Time-Dependent Uptake of NNTs or Lumafluor (Red or Green) in HEK 293 Cells {#sec5.9}
--------------------------------------------------------------------------

4-chamber 35 mm round glass-bottom dishes were treated with poly-[l]{.smallcaps}-lysine (10 μg/cm^2^) for 1 h. Dishes were rinsed with DPBS 3 times. HEK 293 cells were plated in the 4-chamber 35 mm round glass-bottom dishes in a 5% CO~2~ atmosphere at 37 °C using DMEM medium overnight. 1.2 × 10^10^ particles per milliliter of NNTs or Lumafluor (Red or Green) were suspended in phenol red free DMEM medium, and then incubated with cells for either 1 or 24 h. After washing with DPBS buffer 3 times, the cells were stained with 5 μg/mL Wheat Germ Agglutinin with Alexa Fluor 488 Conjugate or Wheat Germ Agglutinin with Alexa Fluor 633 Conjugate at 37 °C for 10 min. DAPI (300 nM) or propidium iodide (500 nM) was used to counterstain.

Colocalization of NNTs or Lumafluor (Red or Green) and LysoTracker {#sec5.10}
------------------------------------------------------------------

4-chamber 35 mm round glass-bottom dishes were treated with poly-[l]{.smallcaps}-lysine (10 μg/cm^2^) for 1 h. Dishes were rinsed with DPBS 3 times. HEK 293 cells were plated in the 4-chamber 35 mm round glass-bottom dishes in a 5% CO~2~ atmosphere at 37 °C using DMEM medium overnight. 1.2 × 10^10^ particles per milliliter of NNTs or Lumafluor (Red or Green) were suspended in phenol red free DMEM medium and incubated with cells for 20 min. The cells were then washed to remove free NNTs or Lumafluor (Red or Green). After 1, 4, 24, and 48 h of treatment, the cells were incubated with 75 nM LysoTracker Red DND-99 or LysoTracker Green DND-26 (Life Technologies) for 30 min at 37 °C. The cells were fixed with 4% PFA for 10 min. DAPI (300 nM) or propidium iodide (500 nM) was used to counterstain.

Data Analysis of Quantifying Confocal Lasering Scanning Microscopy Images (Cellular Uptake) {#sec5.11}
-------------------------------------------------------------------------------------------

The area within the cell was selected by thresholding the cell membrane (WGA) channel. The resulting area was applied to the treatment (DMEM media, or Lumafluor Red/Green, or NNT) channel. Then, mean fluorescence intensities were measured by ImageJ.

Data Analysis of Quantifying Confocal Lasering Scanning Microscopy Images (Colocalization) {#sec5.12}
------------------------------------------------------------------------------------------

The percentage colocalization between the lysosome or autophagosome and treatment was determined by ImageJ. The threshold was set to the same level as noise in the image.

Colocalization of Fluorescein-NNT and LysoTracker in Primary Rat Cortex Neurons {#sec5.13}
-------------------------------------------------------------------------------

Primary rat cortex neurons were plated on Corning BioCoat collagen IV 100 mm TC-treated culture dishes in a 5% CO~2~ atmosphere at 37 °C, using the Gibco B-27 Plus Neuronal culture system as medium for 30 days to allow the axons to fully grow. 2.1 × 10^9^ particles per milliliter of NNTs were suspended in medium and incubated with cells for 20 min. The cells were then washed to remove free NNTs with DPBS. The neurons were incubated with 75 nM LysoTracker Red DND-99 (Life Technologies) for 30 min at 37 °C and washed 3 times with DPBS. The neurons were then incubated with 0.5 mL of Invitrogen NucBlue Live ReadyProbes reagent (Hoescht) for 30 min at 37 °C and washed 3 times with DPBS.

Time-Lapse Confocal Laser Scanning Microscopy {#sec99}
---------------------------------------------

Imaging was accomplished using a Leica SP5 confocal with a 63× oil immersion objective at 1.5× optical zoom. All the images are presented as *Z*-stack. Images were taken every 4 min for a total of 140 min. The section thickness was 2.0 μm with a scan size of 512 × 512 pixels and a scan speed of 600 Hz. Each *z*-stack contained 6 steps, and the line average was 4. The cell nuclei (stained with Hoescht) were imaged using a 405 nm laser at 8% laser power. Lysosomes were imaged using a 488 nm laser at 12% laser power (for LysoTracker Green DND-26). Cell imaging for **Fluorescein-NNT** was performed using a 488 nm laser at 8% laser power.

Immunostaining {#sec5.14}
--------------

4-chamber 35 mm round glass-bottom dishes were pretreated with poly-[l]{.smallcaps}-lysine (10 μg/cm^2^) for 1 h. Dishes were rinsed with DPBS 3 times. HEK 293 cells were plated in the 4-chamber 35 mm round glass-bottom dishes in a 5% CO~2~ atmosphere at 37 °C using DMEM medium overnight. 1.2 × 10^10^ particles per milliliter of NNTs or Lumafluor (Red or Green) were suspended in phenol red free DMEM medium and incubated with the cells for 20 min. Cells were washed to remove free NNTs or Lumafluor (Red or Green). After 1, 4, 24, and 48 h of treatment, the cells were fixed with 100% ice-cold methanol at −20 °C for 15 min and rinsed three times in 1× DPBS for 5 min each. The cells were then treated with blocking buffer containing 1× DPBS, 5% normal serum, and 0.3% Triton X-100 for 60 min. Cells were incubated overnight with antibodies against LC3B in antibody dilution buffer (1× DPBS,1% BSA and 0.3% Triton X-100) (1:200; Cell Signaling Technology) at 4 °C. After washing, cells were incubated in fluorochrome-conjugated antirabbit secondary antibodies (Anti-Rabbit IgG (H+L), F(ab′)2 Fragment (Alexa Fluor 488 Conjugate) or Anti-Rabbit IgG (H+L), F(ab′)2 Fragment (Alexa Fluor 555 Conjugate)) diluted in antibody dilution buffer (1:500; Cell Signaling Technology) for 2 h at room temperature in the dark. DAPI (300 nM) or propidium iodide (500 nM) was used to counterstain.

Injection of NNT and Fixation (Surgical Procedures) {#sec5.15}
---------------------------------------------------

Experiments were approved by the Northwestern University Animal Care and Use Committee. Injections were performed in adult C57BL/6J mice under inhaled anesthesia (1--2% isoflurane in 0.5 L/min O~2~). After a midline skin incision and alignment of the skull, a small (0.5--1.0 mm) craniotomy was performed and a glass micropipette containing the nanotracers lowered into the brain to reach the desired stereotaxic location of the injection site (CA1:1.8 mm lateral, 2.3 mm caudal of bregma, 1.4 mm deep from dura; V1:2.5 mm lateral, 3.3 mm caudal of bregma, and 0.5 mm deep from dura). A calibrated volume (typically 30 nL) of solution was injected by applying positive pressure (typically 1--2 psi). After withdrawing the micropipette, the craniotomy was filled with Kwik-Sil (WPI) and the incision site closed with 5--0 silk suture. After 48--72 h, mice were deeply anesthetized and perfused with 4% paraformaldehyde (PFA). Brains were set in PFA overnight and then transferred to 30% sucrose in PBS for ∼3 days before 50 μm thick sagittal (for CA1 injections) or coronal (for V1 injections) sections were cut with a microtome. Slices were mounted on glass slides using Vectashield (Vector Laboratories) with DAPI, except for Coumarin injections, in which case slices were instead placed in propidium iodide in PBS for 3--5 min before mounting with Vectashield, without DAPI.

Fluorescence Microscopy {#sec5.16}
-----------------------

Fluorescence images were acquired using a Leica DM6B fluorescence microscope with a DFC7000T camera (40fps at full resolution, pixel size: 4.54 μm). 10× (numerical aperture (NA): 0.4) dry, 40× (NA: 0.85), and 63× (NA: 1.32) oil-immersion objectives were used for imaging. The following filters were used: blue filter (DAP) excitation 350/50 nm, dichroic 400, emission 460/50; green filter (L5) excitation 480/40, dichroic 505, emission 527/30; red filter (RHO) excitation 546/10 nm, dichroic 560, emission 585/40; Cy5.5 filter (Y5) excitation 620/60, dichroic 660, emission 700/75. All images were further processed using the Leica Application Suite X (LAS X).

Confocal Laser Scanning Microscopy {#sec5.17}
----------------------------------

Imaging was accomplished using a Leica SP5 confocal with a 63× oil immersion objective at 1.5× optical zoom. All the images are presented as *Z*-stack. The slice thickness was 0.26 μm with a scan size of 1024 × 1024 pixels and a scan speed of 400 Hz. The cell nuclei (stained with DAPI) were imaged using a 405 nm laser at 15% laser power. The cell nuclei (stained with propidium iodide, for coumarin treated cells) were imaged using a 561 nm laser at 10% laser power. The cell membrane (stained with Wheat Germ Agglutinin, Alexa Fluor 488 Conjugate) was imaged using a 488 nm laser at 12% laser power. The cell membrane (stained with Wheat Germ Agglutinin, Alexa Fluor 633 Conjugate) was imaged using a 633 nm laser at 18% laser power. Lysosomes were imaged using a 488 nm laser at 20% laser power (for LysoTracker Green DND-26) or a 555 nm laser at 14% laser power (for LysoTracker Red DND-99). The autophagosome was imaged using a 488 nm laser at 10% laser power (for LC3 antibody with Alexa Fluor(R) 488 Conjugate) or a 555 nm laser at 12% laser power (for LC3 antibody with Alexa Fluor(R) 555 Conjugate). Cell imaging for **Coumarin-NNT** was performed using a 405 nm laser with a 28% laser power. Cell imaging for **Fluorescein-NNT** and Lumafluor Green was performed using a 488 nm laser at 12% laser power. Cell imaging for **Rhodamine-NNT** and Lumafluor Red was performed using a 561 nm laser at 15% laser power. Cell imaging for **Cy5.5-NNT** was performed using a 633 nm laser at 8% laser power.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscentsci.0c00027](https://pubs.acs.org/doi/10.1021/acscentsci.0c00027?goto=supporting-info).Additional experimental details, data, and figures including a synthetic scheme, characterization, DLS results, fluorescence spectra, UV--vis results, HEK 293 cell viability, cellular uptake confocal images, confocal laser scanning microscopy images, percentage of lysosome colocalization, colocalization assay results, and time-lapse series ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00027/suppl_file/oc0c00027_si_001.pdf))
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